The turn-off of high voltage diode under over-stress condition may lead to the diode destruction, which appears at the edge of termination or in the active region. The diode destruction behaviors related to current filament, electric field and maximum temperature are investigated by electrothermal simulation. The results show that the electric field punch-through to the termination surface is unavoidable. The disappearance of current filament at the edge of termination should be a self-stabilizing mechanism because of the extraction of carriers. The reasons for leading to the diode destruction at the edge of termination or in the active region are found. key words: dynamic avalanche, current filament, high voltage diode, reverse recovery Classification: Power devices and circuits
Introduction
Great challenge for the high voltage diode in the IGBT application is to ensure fast and soft recovery behavior [1] . When the high voltage diode is turned off with very high di/dt, high parasitic inductance L and high supply voltage Vdc, the dynamic avalanche will occur [2, 3, 4] . The strong current filaments induced by dynamic avalanche lead to the diode destruction [5, 6, 7] , and the destruction positions may appear at the edge of the termination or in the active region [8, 9] . Fig. 1 shows the measured failure I-V characteristic of a 6.5 kV diode beyond the safe operating region (SOA) during reverse recovery. The junction termination can improve significantly the robustness of reverse breakdown in high voltage diode. The field limiting ring (FLR) termination is widely used because of its simplicity of the process [10, 11, 12, 13] . During reverse recovery in high voltage diode, the current filament occurs at the edge of the termination due to extracted holes from the n -base region under reverse applied voltage [14, 15, 16] . This may lead to the diode destruction by local heating. In addition, for the planar termination structure, at the edge of the termination, extracted holes can compensate a part of the acceptor doping and the electric field may punch through to the termination surface or a position close to the surface, giving rise to the diode destruction [14, 17] . Therefore, it is very important to study the current filament in the FLR diode and further reveal the destruction mechanism of the diode. Even through experimental verification, it is still difficult to intuitively get the initial location of the device destruction and to indirectly get a conclusion about the destruction type [18, 19] . Electrothermal simulation of the device is a very useful tool to understand and predict the failure mechanism of the diode during reverse recovery [20, 21] . In this paper, we investigate the destruction behaviors under over-stress condition in the FLR diode by electrothermal simulation, and analyze the reasons for leading to the diode destruction.
Device structure and simulation models
We considered the p + n -nn + structure diode with a blocking capability of 3.3 kV, as shown in Fig. 2 The n + doping stop ring is set at the edge of the device to improve the stability of reverse breakdown voltage. For the FLR structure, the proper ring width, ring spacing and ring number in the termination region are chosen to achieve a maximum breakdown voltage of 3660 V, and the width of the termination region is ≈1400  m. The resistance region of 100  m width in the diode is designed to relieve the current filament at the end of the active region, and improve the ruggedness of the diode. The diode was simulated with an extreme over-stress condition, in which Vdc = 2.3 kV, JF = 300 A/cm 2 , L = 0.25 μH and di/dt = 9.2 kA/μs, and was analyzed under electrothermal simulation by the Sentaurus-TCAD software. A thermal resistance of 0.1 K/W was set at the cathode-side with an initial temperature T = 300 K. We considered the Auger and Shockley-Read-Hall recombination models, carrier-carrier scattering, doping dependent and electric field dependent mobility models, and avalanche generation model [22] . The homogeneous carrier lifetimes in the diode are τp =0.4 μs and τn = 1.6 μs.
Electric field punch-through induced holes
During reverse recovery, the holes move towards the anode-side in the n -base, and the electrons move towards the cathode-side. At the p + n -junction, the holes and the ionized donors of n -base region have the same positively charge, hence the effective doping in n -base region is
where ND is the doping concentration of ionized donors in n -base region, p is the on-state hole density. Therefore the electric field gradient in n -base region can be given by
With the increase of the revere current density, dE/dy increases, leading to the steeper dE/dy. The dynamic avalanche occurs at a voltage far below the static breakdown voltage VBD during the diode turn-off [17, 23] . During reverse recovery, the avalanche generated holes and the on-state holes move towards the anode-side. Similar to the peak electric field shifting of p + n -junction induced by avalanche generated carriers after the onset of static avalanche [24] , the peak electric field shifting also occurs at the p + n -junction under dynamic avalanche. According to the Poisson equation, the electric field gradient (dE  /dy) after shifting in the p + region is given by,
where Na is the doping concentration of ionized acceptors in the p + region. If p + pav  Na + nav, the peak electric field at the pn -junction shifts to the p + region [24] . With the increases of the on-state holes p and the avalanche generated holes pav, they overcompensate the ionized acceptors Na and the avalanche generated electrons nav, leading to the peak electric field shifting. It means that the peak electric field punches through to the termination surface or a position close to the surface [14] .
Results and analyses
4.1 Current filament behaviors under over-stress condition Fig. 3 shows the simulated reverse recovery characteristic of the diode. With the extraction of the plasma in n -base region, the dynamic avalanche occurs, leading to the appearance of the negative differential resistance [25, 26] . Therefore the reverse voltage rises slowly in the initial stage of the establishment of space charge region. Under such extreme commutation condition, the diode shows the behavior of switching self clamping mode (SSCM) [27] during reverse recovery.
1.5x10 -6 1.6x10 -6 1.7x10 -6 1.8x10 -6 1.9x10 -6 2.0x10 In order to investigate the behavior of current filaments, Fig. 4 shows the evolution of current density distributions of three dimension (3D) in the diode at different times during reverse recovery. During t1~t9, the evolution process of current filaments in the diode can be roughly divided into three phases: Phase 1 (t1~t3): The current filament rises at the edge of the termination. The on-state holes of the termination have to be extracted by reverse applied voltage during reverse recovery, flowing through the edge of the termination. This leads to very high current density here, and triggering the first current filament, as shown at t1 = 1.60  s. With the increase of hole density, the current filament gradually rises to its maximum value at t3 = 1.65 s in the diode. Phase 2 (t3~t5): The current filament at the edge of the termination decreases and transfers to the active region.
With the extraction of carriers, the space charge region extends quickly towards the end of the termination, and the termination region begins to undertake the voltage across the diode, leading to the decrease of the plasma. As a results, the current filament at the edge of the termination decreases and transfers to the active region. At t5 = 1.70 s, the current filament in the active region dominates, and the plasma layer has disappeared at this moment. The total current density is undertook by the current filament extending from the anode-side to the cathode-side. Phase 3 (t5~t9): The current filament rises in the active region. At t6 = 1.725  s, the single current filament connected to the anode-side and the cathode-side remains in the diode. The filament is maintained by the positive feedback between two carrier-generating high-field regions located in the anode-side and the cathode-side depletion layers, respectively [25] . The width of filament reduces, due to the extraction of residual carriers in the n -base and the avalanche generated carriers tending to move towards the center of filament where the resistivity is minimum. These provoke the rise of current filament in the active region. Fig. 5 indicates electric field strength distributions of the diode under reverse breakdown and during reverse recovery. From the left of Fig. 5 , the peak electric field is inside the body of the device under reverse breakdown. During reverse recovery, the current filament at the edge of the termination can reach the maximum value due to the extraction of holes, and almost at the same time, the electric field strength inside the filament also reaches the peak value at t = 1.665 s, as shown in the middle of Fig.  5 . It can be observed that the peak electric field punches through to the termination surface at t = 1.665 s. In the FLR diode, this phenomenon becomes unavoidable, because the space charge region is not yet fully established in the termination region at the initial stage of reverse recovery. In addition, (p + pav) are so higher that they overcompensate the lightly doped Na at the end of the p resistance region according to Eq. (3), leading to the peak electric field shifting in the p region. Therefore the electric field of punch-through leads to the enhanced impact ionization and provokes more avalanche generated carriers at the termination surface, where the high current filament always flows through. However, after the current filament of the active region dominating, the peak electric field has to transfer into the active region, as shown at the right of Fig. 5 . It shows that a strong Egawa field [28] occurs inside the single current filament. Maximal temperature occurring at a local position during reverse recovery of the diode is shown in Fig. 6 . It shows that, the temperature first rises to the peak value with the time (349 K at t = 1.695 s), then falls to a lower value, and finally continues its increase to the maximal value (450 K). Actually, the variation curve of temperature in Fig. 6 is related to the evolution process of current filament of Fig. 4 . In the phase 1, the temperature increases with the rise of current filament, and then it reaches the maximal temperature (349 K) at the edge of the termination after the current filament reaching a maximum, as shown at the left of Fig. 7 , which corresponds to the first temperature peak of Fig. 6 occurring at t=1.695  s. At the left of Fig. 7 , it should be mentioned that the maximal temperature occurs at the position of the peak electric field (the middle of Fig. 5 ), i.e. at the centre of the carrier-generating located in high-field region. Like high electric field, high impact ionization and high current filament, such these physical effects influence mutually by themselves and maintain a positive feedback process at the termination surface. As a result, the temperature of the termination surface rises its maximum (349 K). In the phase 2, the temperature falls in a short time with the decrease of current filament at the edge of the termination, as shown in Fig. 6 . In the phase 3, the temperature gradually rises to its maximum (450 K) with the rise of the single current filament in the active region, as shown at the right of Fig. 7 . Based on the above discussions, we can drawn the following conclusions:  During reverse recovery, the current filament first appears at the edge of the termination due to the extraction of holes. Although a heavily doped resistance region is designed at the end of the active region to inhibit the current filament and to reduce the failure rate [14] , the phenomenon that the high electric field punches through to the termination surface is unavoidable. This triggers the stronger dynamic avalanche, and a local heating occurs at the center of the carrier-generating located in high-field region, leading to a increase of the temperature there. In real device, the edge of the termination region is very strong inhomogenity, and it is easier to trigger the first filament [20, 29] . These may be the reasons that lead to the diode destruction at the edge of the termination.  With the extraction of the plasma layer, the holes can not maintain the high current filament at the edge of the termination, then the current filament begins to drop to a low value, and meanwhile, the current filament arises in the active region. This leads to a short decrease of the maximum temperature inside the diode, which should be a self-stabilizing mechanism. Experiment has been shown that a well-designed and sufficiently robust termination can withstand the high current filament, avoiding the diode destruction at the edge of the termination [30] .  The current filament rises in the active region, and filament extends from the anode-side to the cathode-side after the disappearance of the plasma layer. When it dominates in the active region, the single current filament carries the total current across the whole diode, and transforms into the filament essentially driven by thermal mechanism [25] , leading to the increase of the temperature at the anode-side, as shown at the right of Fig. 7 . This may lead to the diode destruction in the active region. It is assumed that the aluminum wire is firm at the surface of the active region. The high temperature near the p + n -junction at the anode-side may give rise to the melting by local heating below the wafer surface [9] . In the fact, whereas, the current filament is a three dimension (3D) effect which likes a column, and this leads to the higher temperature than that of two dimension (2D) simulation [17] .
Destruction mechanism

Conclusion
We investigated the destruction mechanism in high voltage diode with the FLR termination structure during reverse recovery by electrothermal simulation. It shows that the high electric field punches through to the termination surface, and a positive feedback process that the physical effects including current filament, high electric field, and high impact ionization influence mutually by themselves at the termination surface, triggering a high temperature by local heating at the center of the carrier-generating located in high-field region, which may lead to the diode destruction at the edge of the termination. Nevertheless, with the decrease of the total current density, the current filament at the edge of the termination disappears, resulting in the decreased temperature, which should be a self-stabilizing mechanism. Finally, the single current filament essentially driven by thermal mechanism can lead to a dramatic increase in temperature and may cause the destruction by local melting in the active region.
